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Abstract: We analyzed the degradation features by measuring the capacitance—voltage characteris-
tics after electrically aging blue thermally activated delayed fluorescence (TADF) organic light-emit-
ting diodes (OLEDs). The measurement was investigated in terms of the hole transfer layer (HTL)
and electron transfer layer (ETL) structures. For the HTL, three different materials—N,N'-bis(naph-
thalen—1-yl)-N,N'-bis(phenyl)-benzidine (NPB), 4,4',4"-tris(carbazol-9-yl)triphenylamine (TCTA),
and 1,3-bis(carbazol-9-yl)benzene (mCP)—were used at the HTL/emission layer (EML) interface;
the TCTA/EML interface had the highest stability among the interfaces. For the ETL, bis [2—(diphe-
nylphosphino)phenyl] ether oxide (DPEPO) without further dopants was used as an exciton block-
ing layer (ExBL) to effectively confine the excitons at the EML. However, DPEPO has low stability
and carrier mobility. Therefore, 0, 10, and 40 nm-thick ExBL devices were investigated; it was found
that the 0 nm-thick ExBL device was the most stable. However, the 10 nm-thick ExBL is essential to
confine the excitons at the EML, which ensures a high EL performance.

Keywords: organic light-emitting diode; thermally activated delayed fluorescence; degradation;
capacitance-voltage

1. Introduction

Recently, thermally activated delayed fluorescence (TADF) organic light-emitting di-
odes (OLEDs) have attracted significant research interest because a maximum internal
quantum efficiency as high as 100% can be theoretically achieved without the need for
rare and heavy metals, such as iridium [1-5]. As the injected holes and electrons recom-
bine, singlet and triplet excitons are formed at a ratio of 1:3 [6-9]. TADF emitters up-con-
vert triplet excitons into singlet excitons by the reverse intersystem crossing process when
the energy split (AEst) between the singlet (51) and triplet (T1) excited states is sufficiently
small [10,11].

Blue TADF OLEDs with a maximum external quantum efficiency (EQE) of over 20%
have been consistently reported in recent literature [12-14]. Although TADF OLEDs have
demonstrated high efficiencies, their poor stability is a significant drawback compared to
phosphorescent OLEDs. Blue devices can be considered even less stable because they
have a shorter lifetime than red or green devices. Many researchers have attempted to
address the stability problem by focusing on the lifetime and roll-off characteristics of
OLEDs. The approaches detailed in these studies include optimizing the host/dopant ratio
and synthesizing new materials for blue TADF emitters [14-17].

Despite significant efforts to improve the stability of blue TADF OLEDs, there is a
paucity of quantitative analyses of their degradation. Measuring J-V and EL characteris-
tics, along with the infrared imaging method, is the most representative OLED degrada-
tion characteristic analysis technique; however, it is difficult to analyze the degradation
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characteristics according to the light-emitting mechanism of OLED. These methods also
sometimes prevent the measured OLED pixels from being used again. On the other hand,
it is possible to quantitatively analyze the degradation characteristics of the aged device
considering the charge accumulation feature at the organic interfaces using C-V charac-
teristics and the Cole-Cole plot [18,19]. In this study, an impedance analyzer, which is
non-destructive measuring equipment, was used to investigate the degradation features
of blue TADF OLEDs by measuring the capacitance—voltage (C-V) characteristics.

Most triplets and polarons are mainly accumulated at the interface of organic layers
due to differences in energy levels and carrier mobility between them; and these cause
annihilation and quenching phenomena between excitons and polarons, which are the
representative reasons for device degradation. In this study, the hole transfer layer (HTL)
structure and thickness of the exciton blocking layer (ExBL) were varied. Both independ-
ent variables are adjacent to the emission layer (EML) interface, where most carriers accu-
mulate.

2. Materials and Methods
2.1. Device Fabrication and Materials

Figure la presents the energy-level diagram and the structure of the blue TADF
OLEDs used as the reference (device 1) in this study. The device was fabricated as follows:
on an indium tin oxide (ITO) substrate, N,N'-bis(naphthalen—1-yl)-N,N'-bis(phenyl)—-
benzidine (NPB), 4,4',4"-tris(carbazol-9-yl)triphenylamine (TCTA), and 1,3-bis(carbazol-
9-yl)benzene (mCP) were used as the HTL, and 10 wt% of 10,10'-(4,4'-sulfonylbis(4,1-phe-
nylene))bis(9,9-dimethyl-9,10-dihydroacridine) (DMAC-DPS)-doped bis [2—(diphe-
nylphosphino)phenyl]ether oxide (DPEPO) was used as the EML. The chemical structures
of the materials used for the EML are shown in Figure 1b. An additional DPEPO layer
without a dopant was used as the ExBL, and 1,3,5-Tris(1-phenyl-1Hbenzimidazol-2-
yl)benzene (TPBi) was used as the electron transport layer (ETL). Finally, lithium fluoride
(LiF) and aluminum (Al), which were used as the electron injection layer (EIL) and cath-
ode, respectively, were deposited.
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Figure 1. (a) Energy-diagram and structure of blue TADF OLEDs and (b) chemical structures of
organic materials used in the EML.

Before device fabrication, the ITO-precoated substrate was cleaned in acetone and
methanol and rinsed in deionized water with sonication for 10 min. The emitting area,
6.25 mm x 6.25 mm, was fixed by a photoresist layer. The organic materials and metal
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structures were deposited at rates of 0.5-1 and 1-3 A/s, respectively, under high-vacuum
conditions.

To determine the relationship between the device stability and C-V characteristics,
the structure of the OLED was varied in terms of the HTL and ETL, as summarized in
Table 1. As devices 1, 2, and 3 demonstrate different HTL/EML interfaces, the degradation
characteristics of each HTL layer could be analyzed. For analysis from the ETL perspec-
tive, devices 1, 4, and 5 were fabricated, and the thicknesses of the ExBL were set to 10, 0,
and 40 nm, respectively.

Table 1. Structures of the fabricated blue TADF devices.

Devices HTL HTL HTL EML ExBL ETL EIL Cathode
30 nm 20 nm 10 nm 30 nm X nm 30nm 2nm 80 nm
1 TCTA mCP DPEPO (10)
2 TeTA ———DPEPO: DMAC-DPS (10—DPEPO (19)
3 NPB — — Wt%) DPEPO (10) TPBi LiF Al
4 TCTA mCP —
5 TCTA mCP DPEPO (40)

2.2. Measurement

Impedance spectroscopy has been widely used in the field of organic material-based
electronic devices. The degradation of OLEDs was analyzed by measuring the C-V char-
acteristics—a powerful, quantitative, and non-destructive method. The C-V characteris-
tics were measured using an impedance analyzer (E4990A impedance analyzer, Keysight
Technologies, Inc., Santa Rosa, USA) with an AC voltage at a frequency of 1 kHz and an
amplitude of 100 mV before and after electrical aging.

The electroluminescence (EL) characteristics of the fabricated devices were measured
using a spectroradiometer (Spectra Scan PR-670, Photo Research, Inc., North Syracuse,
USA) with a Keithley 237 High-Voltage Source-Measure unit (Keithley Instruments, Inc.,
Cleveland, USA) in a dark box.

3. Results and Discussion
3.1. Analysis of the Degradation of Blue TADF OLEDs by Different HTL Structures

In this section, the operational stability of blue TADF OLEDs with different HTL
structures is discussed. Devices 1, 2, and 3 were fabricated, and the neighboring HTLs to
the EML were mCP, TCTA, and NPB, respectively. Figure 2 depicts the EL characteristics
of undegraded devices 1, 2, and 3, and Table 2 summarizes the performance of each de-
vice. Considering the highest occupied molecular orbital energy level of each device’s
HTL and DPEPO materials (see Figure 1a), the hole injection barriers of devices 1, 2, and
3 are 0.2, 0.4, and 0.7 eV, respectively. The barrier causes carrier accumulation, which in-
duces a space-charge region and increases the electric potential in the forward bias [20].
Consequently, device 1, with the smallest barrier, exhibits the lowest turn-on voltage. For
the same reason, device 2 demonstrates better performance than device 3.
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Figure 2. (a) J-V-L characteristics and (b) J-EQE characteristics of devices 1, 2, and 3.

Table 2. EL characteristics of devices 1, 2, and 3.

Turn-On
Voltage (V)

Maximum External
Quantum Efficiency (%)

Maximum Power
Efficiency (Im/W)

3.5
3.9
4.0

Device 1
Device 2
Device 3

17.7
7.7
3.4

17.7

6.1
2.6

Figure 3 and Table 3 present the C-V characteristics of devices 1, 2, and 3 before and
after electrical aging at a current density of 10 mA/cm? for 10 min. The graphs of the C-V
characteristics of the devices are of the same shape; as the voltage increases, the capaci-
tance decreases shortly after a slight increase. The voltage at which the capacitance starts
to rise is relevant to carrier injection. As carriers and excitons are trapped in the EML and
its interface, those induce an increase in capacitance. Subsequently, the capacitance de-
creases because the exciton formation occurs faster than the carrier injection, and the num-

ber of trapped carriers is reduced.

(b) 2

(©) s

20 |

o [EREE.
Injection

Capacitance (nF)

Device 1
—s—Fresh
—e— Degraded

0 )

Trap

AV

nN
S
T

a
T

°
T

Recombination

Capacitance (nF)

Device 2
——Fresh
—— Degraded

1 1 1 0 L L 1 L

) F
=3 S
T T

Capacitance (nF)
8
T

Device 3
——Fresh
——Degraded

10 |-

o 2

0 L 1 1

8 10 0 2 4 6 8 10

4 6
Voltage (V) Voltage (V)

0 2 4 6
Voltage (V)

Figure 3. C-V characteristics of blue TADF OLEDs before and after degradation: (a) device 1, (b)

device 2, and (c) device 3.

Table 3. Peak voltage and peak capacitance shift values after degradation of devices 1, 2, and 3.

AV1 AC?
Device 1 0.8V 3.7%
Device 2 1.1V 1.3%
Device 3 1.3V 7.4%

1 AV: decrement value of the voltage at which the capacitance is maximum. 2 AC: reduction ratio of

maximum capacitance after degradation.
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As shown in Figure 3a, the voltage at which the capacitance starts to increase is the
smallest among the studied devices because the hole injection barrier of device 1 is the
lowest, as previously indicated. As device 1 degrades, the voltage at which the capacitance
is at its highest shifts from 4.6 to 5.4 V. When organic materials are degraded, the carrier
mobility deteriorates, and a higher voltage is required for the carriers to recombine. The
peak value of capacitance decreases from 21.7 to 20.9 nF. This drop in the maximum ca-
pacitance indicates that the device was aged via an electrical bias. When OLEDs are elec-
trically biased, triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ) oc-
cur owing to the trapped carriers at the HTL/EML interface. These TTA and TPQ phe-
nomena produce hot excitons and polarons, which are the main reasons for roll-off at high
luminance and low lifetime in OLEDs [21,22].

As shown in Figure 3b, the voltage at which the capacitance is the highest shifts from
7.7 t0 8.8 V when device 2 degrades. As the thickness of the total HTL layer is smaller than
that of device 1, a stronger electric field force is applied to the organic material. This causes
a Joule heating effect and decreases the carrier mobility of the organic material, causing a
larger number of trapped carriers at the TCTA/EML interface. In addition, the hole injec-
tion barrier being larger than device 1 also causes an increase in the number of trapped
carriers. Consequently, the voltage of the maximum capacitance shifts more at device 2
than at device 1 by approximately 0.3 V, as shown in Table 3.

However, the peak capacitance of device 2 shifts from 23.3 to 23.0 nF, which is ap-
proximately equal before and after degradation. As shown in Table 4, although the triplet
energy (Er) of mCP is the highest, resulting in superior device performance, the glass tran-
sition temperature (Tg) and bond dissociation energy (BDE) of TCTA are significantly
higher than those of mCP. Ty and BDE are typical indications of the operational stability
of organic materials in OLEDs, because the degradation of organic materials results from
bond breaking in chemical reactions. High T materials ensure high operational stability
by inhibiting destructive phase change and crystallization, which generate trapped carri-
ers [23]. Thus, even if there are more trapped carriers, the TCTA/EML interface exhibits
higher stability and is insensitive to trapped carriers compared to the mCP/EML interface.
Therefore, the difference between the peak capacitance of device 2 before and after deg-
radation was the smallest. The shift in the peak capacitance, rather than the voltage shift,
demonstrates the chemical stability of the interface.

Table 4. Average BDE, Tg, and Er for selected hole transport materials [24-27].

Average BDE 1 (eV) T; (°C) Er (eV)
mCP 423 55 2.90
TCTA 5.24 151 2.76
NPB 5.23 95 2.29

I Average BDE between C-N in cationic state.

As shown in Figure 3¢, the peak capacitance and voltage shift of device 3 were the
largest among the devices. The peak capacitance drops from 39.0 to 36.1 nF, and its voltage
shifts from 8.5 to 9.8 V. The value of T for NPB is higher than that of mCP; however, there
is significant degradation at the NPB/EML interface because device 3 has the largest hole
injection barrier (0.5 eV higher than that of the mCP/EML interface). Note that the peak
capacitance value is the highest here (approximately 40 nF), which indicates that a large
number of carriers accumulate at the NPB/EML interface. These accumulated carriers
cause significant degradation; furthermore, the thinnest HTL structure promotes the
strongest electric force, which also causes significant degradation.

Moreover, as shown in Table 2, the turn-on voltage of device 1 is the lowest and that
of device 3 is the highest. The voltages at which the capacitance starts to increase in fresh
devices 1, 2, and 3 are 2.8, 4.5, and 6.0 V, respectively. The lower the turn-on voltage, the
more injection of the carrier and formation of triplets there will be at a lower voltage.
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Therefore, the C-V plot shows that the voltage at which the capacitance starts to increase
is associated with the turn-on voltage.

3.2. Analysis of the Degradation of Blue TADF OLEDs by Different ExBL Structures

In this section, the optimization of the blue TADF OLED device with respect to the
ExBL thickness is discussed. Due to the high triplet energy of the blue TADF dopant
(DMAC-DPS), ExBL is essential for the device [28]. Devices 1, 4, and 5 were fabricated
with ExBL thicknesses of 10, 0, and 40 nm, respectively. The J-V-L and J-EQE characteris-
tics of the fabricated devices are shown in Figure 4, and Table 5 summarizes the EL char-
acteristics. The turn-on voltage of device 1 was the lowest, and its maximum EQE was the
highest among the devices. Furthermore, device 1 exhibited the highest current density
and luminance under the same bias conditions, as shown in Figure 4a. Device 1 exhibited
the best performance in terms of efficiency, indicating a well-balanced structure.
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Figure 4. (a) J-V-L characteristics and (b) J-EQE characteristics of devices 1, 4, and 5.

Table 5. EL characteristics of devices 1, 4, and 5.

Turn-On Maximum External Maximum Power

Voltage (V) Quantum Efficiency (%) Efficiency (Im/W)
Device 1 35 17.7 17.7
Device 4 5.0 8.2 4.0
Device 5 4.2 14.4 10.0

Figure 5 and Table 6 present the C-V characteristics of devices 1, 4, and 5 before and
after electrical aging at a current density of 10 mA/cm? for 10 min. As previously indicated,
the C-V characteristics were measured using impedance spectroscopy. Each device pro-
duced an identical C-V plot trend; as the voltage increased, the capacitance decreased
shortly after a slight increase.
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Figure 5. C-V characteristics of blue TADF OLEDs before and after degradation: (a) Device 1, (b)
Device 4, and (c) Device 5.

Table 6. Peak voltage and peak capacitance shift values after degradation of devices 1, 4, and 5.

AV1 AC?2
Device 1 0.8V 3.7%
Device 4 21V 2.8%
Device 5 39V 5.8%

1 AV: decrement value of the voltage at which the capacitance is maximum. 2 AC: reduction ratio of
maximum capacitance after degradation.

Many previous studies have demonstrated that DPEPO is an unstable material
[29,30]. To investigate the effect of the poor stability of DPEPO on OLED device stability,
device 5 was fabricated with an ExBL thickness of 40 nm. As shown in Figure 5c, the volt-
age at which the peak capacitance appears shifts from 8.1 to 12.0 V. The peak capacitance
decreases from 15.6 to 14.7 nF, shifting more than that of device 1, indicating that device
5 is more degraded. This implies that as the DPEPO thickness increases, the device be-
comes more unstable. In addition to the unstable characteristics of DPEPO, low carrier
mobility is another major cause of the high degradation of the device. DPEPO has a low
electron mobility of 7.03 x 10-® cm?/V's, compared to other organic materials. The hole
mobility for the selected HTL materials was within the range of 10°-10* cm?V's
[15,20,24]. Due to the large gap between the electron and hole mobilities, the electrons
cannot reach the center of the EML, and carrier recombination occurs at the DPEPO/EML
interface. Additionally, a slight increase in capacitance within the range of 3 to 6 V can be
seen in Figure 5c. We consider this to be caused by the hole being trapped in the HTL/EML
interface owing to the imbalanced injection of the hole and electron [31,32].

Device 4 was fabricated without ExBL to determine whether the poor stability and
mobility of DPEPO made the device unstable. As shown in Figure 5b, the voltage at which
the peak capacitance appears, increases from 8.3 to 10.4 V. The peak capacitance drops
from 21.6 to 21.0 nF. The peak capacitance change of device 4 was the smallest. Owing to
the removal of the unstable DPEPO and the resultant decrease in the gap between the
electron and hole mobility, the charge balance improved significantly, and the number of
trapped carriers decreased. However, the lack of ExBL results in a greater change in the
voltage of the peak capacitance than in device 1, because further exciton loss occurs owing
to the high triplet energy of the dopant. Poor exciton confinement and exciton loss are the
EML-induced inferior EL characteristics, as shown in Figure 4. Furthermore, the increase
in capacitance at a low voltage, which is a similar pattern to that of device 5, is also con-
sidered to be caused by trapped excitons owing to poor exciton confinement. Therefore, a
10 nm thick DPEPO layer is necessary to improve the performance of the device.
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3.3. Operational Stability of Blue TADF OLEDs by Different Structures

Figure 6a shows the normalized luminescence of devices 1, 2, 4, and 6 as a function
of operating time when then current density is 10 mA/cm?. Device 6, with an ExBL thick-
ness of 20 nm, was newly fabricated owing to the low luminescence of device 5. The spec-
ifications of the structure of device 6 are as follows.

(b)
1.0 50
—a— Device 1 —v— Device 6
—=— Device 2 [ 11000
09 L —a— Device 4 _ a0k A
—=— Device 6 & J‘@:
(3] ~ o
2 # £
8 |- Ea0l = B
0.8 £30 7 4100 ©
2 7 ©
= y J 8
[
07 |- S Vi g
= / £
g / 410 3
06 |- 8 10 /
0.5 L ! ! 0 A M’T@/ 1
0.0 0.2 0.4 0.6 0.8 1.0 4 6 8 10
Operation time (Normalized) [a.u.] Voltage (V)

Figure 6. (a) Normalized luminescence of blue TADF OLEDs at ] = 10 mA/cm? as a function of op-
erating time of devices 1, 2, 4, and 6, and (b) J-V-L characteristics of device 6.

Device 6: NPB 30 nm/TCTA 20 nm/mCP 10 nm/DPEPO: DMAC-DPS 10 wt% 30
nm/DPEPO 20 nm/TPBi 30 nm/LiF 2 nm/Al 80 nm.

Comparing the operational stability of devices 1 and 2, device 2 performed better
because of the stable HTL/EML interface characteristic. Note that device 2 showed no sig-
nificant differences in the peak capacitance value before and after aging (Figure 3b and
Table 3); however, the voltage at which the capacitance is the highest shifted more than
that for device 1. This confirmed that the operational stability of a device is related more
to the peak capacitance drop than to the voltage shift, as previously mentioned.

As previously mentioned in Figure 5 and Table 6, when the ExBL got thicker, the
peak capacitance shift ratio increased. Therefore, to determine the effect of ExBL on device
stability, we compared the operational stability of devices 1, 4, and 6. The operational sta-
bility of device 4 was the best, followed by devices 1 and 6, indicating that the poor stabil-
ity and low electron mobility of DPEPO made the device unstable.

4. Conclusions

The stability of blue TADF OLEDs was successfully analyzed considering the HTL
and ETL structures, and the analysis results were in accordance with the chemical prop-
erties of the device material. The C-V characteristics were measured to analyze the degra-
dation features of each fabricated device using a non-destructive and quantitative imped-
ance spectroscopy method. After the device was electrically aged, the peak capacitance
value decreased, and the voltage of the peak capacitance increased compared to that of
the fresh devices. By comparing the amount of peak capacitance shift, the stability prop-
erties were determined at different EML interfaces in terms of the HTL and ETL. For the
HTL, the TCTA/EML interface was the most stable of the three types of HTL materials,
with a peak capacitance shift ratio of approximately 1.3%. This shift ratio was the smallest
in comparison with those of the mCP/EML (3.7%) and NPB/EML (7.4%) interfaces. This
could be explained by the higher T; and BDE of TCTA, which are key indicators of the
thermochemical stability of OLED materials. For the ETL, a 10 nm thick ExBL clearly en-
hanced the EL’s characteristic properties. However, after removing the ExBL, the peak
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capacitance shift ratio decreased from 3.7% to 2.8%. In addition, for the device containing
a 40 nm thick ExBL, the shift ratio increased to 5.8%. Therefore, although the poor stability
and low carrier mobility of DPEPO contribute to the high degradation of the device, a 10
nm thick ExBL is necessary to achieve high EL performance. We also successfully demon-
strated that investigating the C-V characteristics can analyze the operational stability of
the device by measuring the operation time.
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